To compare third trimester global and regional cerebellar volumetric growth at two time-points between very preterm (PT) infants and healthy gestational age-matched fetuses in the PT period and at term equivalent age (TEA).
A C C E P T E D M A N U S C R I P T
3 Results: We studied 76 subjects: 38 PT infants were matched to 38 healthy fetuses. At MRI-1, PT infants demonstrated decreased cerebellar hemispheric volumes and increased anterior, neo-and posterior vermian regional volumes when compared to healthy fetuses. At TEA, PT infants demonstrated a persistent increase in anterior, neo-and posterior vermian regional volumes but no longer showed reductions in cerebellar hemispheric volume. Only the neo-vermis volume demonstrated a significant negative association with birthweight, male gender and supratentorial injury.
Conclusions:
In the absence of demonstrable cerebellar parenchymal injury evident on conventional MRI, PT birth is associated with cerebellar growth alterations that are regionallyand temporally-specific.
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During the third trimester of pregnancy, the cerebellum undergoes its most rapid period of growth and development that is unparalleled by any other region of the brain, rendering it vulnerable to a host of potential insults including extra-uterine exposures unique to the premature infant [1, 2] . Available evidence suggests that premature exposure to the extra-uterine environment disrupts the cerebellum's programmed developmental course and increases the risk for cerebellar injury [3] . Preterm cerebellar hemorrhagic injury has been shown to stunt cerebellar growth and adversely affect long-term neurodevelopment [4, 5] . However, even in the absence of direct cerebellar parenchymal injury, cerebellar growth impairment is increasingly detected in survivors of prematurity [6, 7] . These cerebellar insults have been associated with
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A C C E P T E D M A N U S C R I P T 4 adverse motor, cognitive and behavioral outcomes commonly reported in the preterm population [4] . Because of the retrospective or cross-sectional nature of prior work, available studies have lacked sensitivity for cerebellar growth impairment, as well as the lack of truly normative fetal MRI cerebellar data for third trimester cerebellar development, the underlying mechanisms and consequences of prematurity-related cerebellar growth remain poorly understood.
Our group recently published the first prospective third trimester study comparing exutero preterm (PT) infants and healthy in utero fetuses [8] . In this cross-sectional study, we reported reduced cerebellar growth in PT infants between 27 and 39 weeks of gestation versus our normative fetal cohort. During fetal development, the cerebellar vermis develops and differentiates later and independently of the cerebellar hemispheres [9] . However, our previous study did not evaluate longitudinal change or regional cerebellar differences which could help elucidate selective vulnerability for later functional deficits. Therefore, in the current study, we sought to characterize the temporal and regional topographic impairments of cerebellar growth in infants born prematurely. Specifically, our aim is to compare change in third trimester global and regional cerebellar volumetric growth between two time-points in very PT infants and healthy gestational age-matched fetuses in the PT period and at term equivalent age.
Methods

Subjects
As part of a prospective longitudinal study that begun in June 2014, we evaluated PT infants born ≤32 weeks of gestation and of ≤1500g birth weight admitted to the NICU of the Children's National Health System (CNHS). Infants with congenital malformations or dysmorphic features suggestive of a genetic syndrome, confirmed metabolic disorder, central nervous system infection or chromosomal abnormality were excluded. Enrolled PT infants
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A C C E P T E D M A N U S C R I P T 5 completed two magnetic resonance imaging (MRI), one as soon as medically stable (i.e. MRI-1) and the other around term equivalent age (TEA) (i.e. MRI-2).
A control group was used from a parallel study evaluating serial brain development inutero and postnatally in healthy full term born infants (≥37 weeks of gestation) from healthy pregnant volunteers [10] . Controls with multiple pregnancies, fetal ultrasound/neonatal brain MRI abnormalities, congenital infection, documented chromosomal abnormalities and/or multiorgan dysmorphic conditions were excluded. Controls also completed two MRIs, one in utero (i.e. fetal MRI) and a postnatal MRI shortly after birth. Controls included in this study were matched to PT infants based on gestational age at MRI-1.
Prenatal, perinatal, and postnatal information for all enrolled subjects was collected through medical records abstractions and parental questionnaires and included the following variables: gender, GA at birth, birthweight, Apgar at 5 minutes, intubation at birth, bronchopulmonary dysplasia, patent ductus arteriosus ligation, necrotizing enterocolitis surgery, clinical infection as determined by a positive culture or 7 days or more of antibiotic treatment, postnatal steroid treatment, hypotension requiring vasoactive medication or use of sedation during the first five days of life, number of days on ventilator, number of days on supplementary oxygen, number of days in the NICU and brain injury. Written informed consent was obtained from the parents for every study participant, and the study was approved by CNHS IRB.
Preterm MRI acquisitions
PT infants underwent their first MRI-1 as soon as they were deemed medically stable by the attending neonatologist using a MRI compatible incubator (LMT Medical System GmbH, Luebeck, Germany). The PT MRI was performed on a 1.5 Tesla MRI scanner (Discovery MR450, General Electric Medical, Systems-Waukesha, WI) with a 1-channel receiver head coil. were subsequently excluded from this study.
Fetal MRI acquisitions
Healthy pregnant controls completed their fetal MRI-1 a 1.5 Tesla General Electric scanner using an 8-channel phased-array coil. Similar two millimeter sagittal, coronal and axial T2 SSFSE sequences were acquired [10] . No contrast or sedation was used for any of the fetal MRIs. All studies were reviewed for the presence of developmental malformations, maturation status and acquired abnormalities by an experienced fetal neuroradiologist (GV).
Neonatal MRI acquisition
All PT infants at TEA and neonates controls completed MRI-2 on the same 3 Tesla MRI [11] , a specific scale developed for preterm infants evaluated at TEA. Using Kidokoro's scoring system, we created a supratentorial injury (SPI) score, which is derived from the sum of the subscores given to the cerebral white matter, cerebral cortical grey matter and cerebral deep grey mater. We used this SPI score in an attempt to isolate the effect of SPI on cerebellar volume as opposed to using the scale's total injury score which also includes 2dimensional measurements of the cerebellum. Lastly, germinal matrix hemorrhage and intraventricular hemorrhage (GMH-IVH) were graded according to Papile's grading system [12] .
3-D volumetric analyses of the cerebellum
All anatomical images underwent visual quality inspection and only motion and artifact free images were selected for this study. For images acquired on the 1.5T scanner (i.e. MRI-1, PT or fetal MRI), the 2-dimensional SSFSE images acquired were corrected for intensity nonhomogeneity and 3-dimensional reconstructions of the brain were performed [13, 14] . For the anatomical images acquired on the 3T scanner (i.e. MRI-2), the T2 3D-Cube and T1 3D-SPGR were co-registered together. Thereafter, manual parcellation of the cerebellum was performed for each pair of anatomical images for each subject using ITK-SNAP software by two independent evaluators (MBR & LK) [15] . The cerebellum was parcellated into 5 regions: left and right hemispheres, the anterior (lobules I/II, III, IV and V), neo (lobules VI, VIIA and VIIB) and posterior vermis (VIIIA, VIIIB, IX and X) ( Figure 1 ) based on anatomic landmarks as outlined by Bogovic et al.'s (2013) lobular parcellation protocol [16] . Due to the decreased MR image resolution, we could not consistently identify the primary fissure on the cerebellar hemispheres and therefore could not reliably parcellate the anterior and posterior hemispheres. Together the sum of these measures formed the total cerebellar volume (in centimeters cube). The total brain
8 volume (TBV) was also extracted from a complete brain mask obtained using the Brain ExtractionTool [17] .
Five fetuses and five neonates were analyzed twice by each evaluator following a 24hour interval to assess intra-rater reliability. Intra-class coefficient for intra-rater reliability ranged between 0.90-0.99. Additionally, inter-rater reliability was assessed between the two evaluators for these same ten subjects and intra-class coefficient ranged between 0.92 and 0.99.
Statistical analyses
We developed multiple linear regression models in Stata 14 [18] to evaluate evidence of differences in regional volumes between term and pre-term infants matched for gestational age (GA) at the time of the first MRI. All models evaluated the need for interactions between cerebellar regions and term-PT to account for differential effects per region and controlled for GA at MRI to remove any differences not equalized by the pairings. All models treated term-PT pairs as data clusters to adjust standard error estimates for the correlation between paired subjects. Initial models focused on difference at MRI-1 controlling for GA at MRI-1. The second set of models focused on results of MRI-2 on the same paired infants initially controlling for each respective cerebellar regional volume at MRI-1 and GA at MRI-2. Models were thereafter repeated additionally controlling for total brain volume. We estimated the adjusted volume for term and PT infants in each brain region and performed linear contrasts to determine where term-PT differences in volumes occurred after detecting overall evidence of regional differences.
Subsequently, in regions showing volume differences at MRI-2, we used the model that best predicted regional volume differences between term and PT infants to evaluate the relationship of potential risk factors with volumetric differences in the PT infants at MRI-2. This was accomplished by adding each candidate risk factor to the best predictive model for each
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A C C E P T E D M A N U S C R I P T 9 region using only the PT group for which risk factor data was available. If more than one risk factor was identified per site we then combined these into multiple risk factor models in an attempt to improve prediction of volumetric differences.
Results
Subject characteristics
A total of 38 PT infants were matched to 38 healthy fetuses based on GA at the time of MRI-1. All controls had a normal structural brain MRI study at both fetal and neonatal MRI. For the 38 PT infants at MRI-2, using Kidokoro's total abnormality score, 20 were classified as normal, 15 were mild, 1 was moderate and 2 were severe. The 3 PT infants with moderate or severe abnormality scores had grade III intraventricular hemorrhage or periventricular hemorrhagic infarction. One PT infant showed a cerebellar punctate injury on MRI-2 only, and had a score of 1 for signal abnormality in the cerebellum. Detailed clinical and demographic characteristics are presented in Table 1 .
Regional cerebellar volume comparisons between PT infants and healthy fetuses
When comparing cerebellar regions between PT infants and healthy fetuses at MRI-1 and controlling only for GA at MRI, left and right cerebellar hemispheres were smaller in the PT infant versus healthy fetuses (p < 0.001). When we also controlled for TBV, the difference in both hemispheres held, while larger anterior-, neo-and posterior vermis volumes in the PT infants were detected compared to healthy controls (p < 0.001). Mean regional volumes comparisons at MRI-1 with and without controlling for TBV are presented in Tables 2a and 2b respectively.
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Regional cerebellar volume comparisons between PT infants at TEA and healthy newborn
At MRI-2, PT infants continued to show decreased hemispheric volumes bilaterally and increased regional vermis volumes when controlling for GA and respective regional volumes at MRI-1. However, when we also controlled for TBV, the hemispheric differences declined and were no longer statistically significant. However, anterior-, neo-and posterior vermis remained larger in the PT infants (p < 0.001). Mean regional volumes comparisons at MRI-2 with and without controlling for TBV are presented in Tables 3a and 3b, respectively.
Risk factors in preterm infants associated with regional cerebellar volumetric differences
Associations between PT and clinical risk factors were examined for the anterior-, neoand posterior vermis as these regions continued to demonstrate statistically significant differences at MRI-2. Controlling for birth weight and total brain volume, only the neo-vermis volume demonstrated statistically significant negative associations with birthweight, male gender and our supratentorial injury score. This predictive model accounted for 60% of the variance in volume (p<0.001) and is presented in Table 4 . No other risk factors were found to be associated with the anterior or posterior vermis.
Discussion
This study reports the first gestational-age matched comparative study of global and regional longitudinal 3-D MRI measurements of cerebellar growth between ex-utero PT infants and in-utero healthy fetuses. Using volumetric MRI, we demonstrate regional and temporal volumetric differences in cerebellar growth in ex-utero PT infants compared with healthy in- Until now, inferences about 3 rd trimester cerebellar growth in preterm infants have compared MRI measures to full-term healthy newborns at term equivalent age (TEA). The recent successful application of fetal brain MRI and available in utero comparable gestational age (GA) normative fetal MRI studies by our group [8] and others are enabling us to begin to establish and compare departures from normal 3 rd trimester ex-utero cerebellar development.
We report decreased cerebellar hemispheric volumes and increased anterior, neo-and posterior vermian regional volumes in the PT infants when compared to healthy fetuses at MRI-1. This early baseline (MRI1) cerebellar hemispheric volumetric reduction was no longer evident at the second MRI when PT infants at TEA were compared to the healthy in utero fetuses that were imaged shortly after birth. The lack of cerebellar hemispheric volumetric differences at TEA is in keeping with several previous studies that compared PT infants at TEA to term-born control neonates, in addition to reported comparable total cerebellar measurements using 3D volumetric MRI [19] and 2D cerebral ultrasound measurements [20, 21] . Our data suggest that cerebellar hemispheric growth is accelerated at TEA as described by Kim and colleagues [22] .
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Ongoing longitudinal MRI studies that extend beyond term equivalent age are needed to confirm these intriguing preliminary findings.
Our data also showed no differences in volumetric growth in all three regional vermian measurements (i.e. anterior, neo and posterior) at our two measurement time-points which is also in accordance with Kim et al.' s study that reported a slower growth rate in the vermis before TEA age [22] . However, to our knowledge our study is the first to describe persistent vermian overgrowth in PT infants when compared to healthy controls evaluated both during the fetal period and postnatal period. Notably, we did not find any other 3D volumetric reports that compared the cerebellar regional growth in PT infants between birth and term equivalent age, thus limiting any comparisons to existing literature. We did however identify two studies reporting a larger cerebellar vermis, as assessed by 2D measurements of cranial ultrasound in PT infants at TEA when compared to full term infants [20, 21] . Nevertheless, unlike our study, these differences were not statistically significant when accounting for infant head size. Taken together, our findings suggest that unlike the cerebellar hemispheres, the vermian volumetric alterations observed soon after preterm birth persist at TEA. This regional alteration in the development of the vermis may represent a selective vulnerability to decreased apoptosis of the cerebellar vermis following early extra-uterine exposure over the third trimester.
We previously reported reduced mean diffusivity in the cerebellar vermis [7] and increased cerebellar choline [23] in PT infants at TEA when compared to healthy controls. We postulated that these microstructural and biochemical disturbances represent an increase in cellular density that could be a consequence of failed apoptosis, as hypothesized in other neurodevelopmental disorders such as fetal ventriculomegaly [24] , postnatal hydrocephalus [25] , and autism [26, 27] . To date, available evidence points to arrested cerebellar growth, especially
in the presence of parenchymal injuries [22, 28, 29] . The results of the current study suggest that the preprogrammed cerebellar developmental course is complex and topographically distinct with areas of regional overgrowth. The extent to which regional cerebellar overgrowth may represent cerebellar maldevelopment is unclear and awaits further study.
Although we observed similar growth patterns in the anterior, neo and posterior vermis, our exploratory risk factors analysis revealed different associations across these three vermian regions. Interestingly, in our PT group, only the growth of the neo-vermis showed a negative association with male gender, birthweight and supratentorial brain injury severity. Kim et al.'s study also demonstrates an association between birthweight, supratentorial injury and hindbrain growth [22] . The lack of association with other common clinical risk factors that previously demonstrated associations with reduced cerebellar volume such as post-natal steroid treatment [8, 30] and the use of sedation [31] may be due to our small sample of PT infants and/or the method we used to collect exposure to medications in this study. Details regarding dosage dependent exposure was beyond the scope of our exploratory analyses of risk factors. Future studies are needed to ascertain the dosage dependent effects of medications on regional cerebellar growth. However, it is also plausible that these risk factors may selectively affect other cerebellar regions that did not show accelerated growth. The fact that we only found significant clinical risk factor relationships with the neo-vermis, and bearing in mind that the neo vermis forms after the posterior and inferior vermis developmentally, could reflect an increased regional vulnerability [32] . We and others have previously reported a prevalent and striking neuropsychological phenotype, that we term the developmental cerebellar cognitive affective syndrome [4] . Considering the high prevalence of neurodevelopmental disorders in the PT population [33, 34] , and the robust associations between vermian alterations and many
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14 neurodevelopmental disorders including autism spectrum disorders [35, 36] , we believe that our preliminary findings will serve as hypothesis generating for future investigations into the role of altered vermian development and neurodevelopmental disabilities in PT survivors.
The functional topography of the mature cerebellum is based on its widespread anatomical connections with the cerebral cortex, where different regions within the cerebellum at a hemispheric, and lobular level mediate motor, cognitive, language, and social-affective functions [37, 38] . To date, the emerging functional topography of the immature cerebellum has not been studied. Our studies report regional alterations of the developing cerebellum that could interfere with the optimal development of behavior and cognition [38] . Ongoing studies are needed to better elucidate the role of regional alterations in cerebellar development on long-term neurodevelopmental outcome.
Our study limitations deserve mention. Manual parcellations of the cerebellum were performed by two independent evaluators which could have introduced its share of bias.
However, we demonstrated very high intra-rater and inter-rater reliability with our parcellation technique, which minimized any evaluator bias. Moreover, the high-water content in fetal and neonatal brains and low contrast provided by 1.5 and 3 Tesla MRI scanners prevent us from applying most automatic segmentation and parcellation pipelines validated in the adult brain. We therefore believe that manual parcellation was the best approach for these very challenging data.
Another important limitation to consider is the variability in GA between subjects at both MRIs.
Nevertheless, our matched design between PT infants and in-utero fetuses and our precise statistical modeling has accounted for this variability. Lastly, our modest sample size may have limited our ability to detect effects and associations of smaller magnitude and consequently our findings mandate cautious interpretation.
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Conclusion
We show for the first time that regional cerebellar vermian growth is altered following PT birth in the absence of demonstrable cerebellar parenchymal injury on conventional MRI.
Longitudinal follow-up of this cohort will provide insights into the long-term impact of altered vermian growth on neurodevelopmental outcome of PT infants. Highlights:
 Regional cerebellar growth is altered in preterm infants versus control fetuses  Cerebellar hemispheric volume in preterm infants is similar to term controls  Vermis volume is larger in preterm infants in the third trimester versus controls ACCEPTED MANUSCRIPT Figure 1 
